The ribosomal proteins from 17 type strains of species belonging to various actinomycete genera were compared by two-dimensional polyacrylamide gel electrophoresis. I detected a striking variability among certain ribosomal proteins (designated AT-L30 proteins) with respect to electrophoretic mobility in the first dimension. In contrast, such variability was not observed among ribosomal L30 proteins from other bacteria, such as Escherichia coli, Bacillus subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus. Although actinomycete AT-L30 proteins from different taxa exhibited considerable heterogeneity in electrophoretic mobility, within each genus the proteins had a specific mobility characteristic. On the basis of this observation, the ribosomal AT-L30 proteins from 11 type strains of species belonging to the mycolic acid-containing genera Nocardia, Rhodococcus, Gordona, and Tsukamurella were analyzed. The relative electrophoretic mobilities of AT-L30 protein preparations from these strains, as determined by two-dimensional gel electrophoresis, revealed that the genera Nocardia, Rhodococcus, Gordona, and Tsukamurella can be sharply separated from each other. My results are consistent with the previously discussed view that each of these genera merits separate genus status.
The use of two-dimensional separation of ribosomal proteins for identification and classification purposes has been extended to the family Enterobacteriaceae, the family Bacillaceae, and several archaebacteria (2, 5 , 6). In the course of a study of Streptomyces relC mutants, I found recently that several Streptomyces species exhibit considerable electrophoretic variability in their ribosomal protein patterns and proposed that the members of the genus Streptomyces have ribosomal protein patterns that are specific for each taxon (21, 23) . The practical application of ribosomal protein patterns in Streptomyces taxonomy has also been demonstrated (22) . Therefore, the next step was to determine the extent of variability of ribosomal protein patterns among various actinomycete genera; such a determination revealed a striking electrophoretic variability among certain ribosomal proteins (designated AT-L30 proteins). In this paper I describe the potential significance of these observations and raise the possibility that ribosomal protein analysis can be used as a new approach for the classification of actinomycetes.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study are listed in Tables 1 and 2 . Most of these strains were type strains that were obtained from the Japan Collection of Microorganisms, Saitama, Japan, the Institute of Fermentation, Osaka, Japan, and the American Type Culture Collection, Rockville, Md.
Preparation of total ribosomal proteins. The strains were grown to mid-exponential phase under the cultural conditions described below. Strains of Escherichia coli, Bacillus subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus were grown at 37°C in bouillon medium. Most of the cultures of actinomycetes were grown at 30°C in soluble starch-Polypeptone-yeast extract medium containing 0.1% MgSO, as previously described (21) ; the exceptions were the members of the genus Saccharomonospora, Nocardia brevicatena, Nmardia farcinica, and Microbispora aerata, which were grown at 37°C. Thermoactinomyces vulgaris was grown at 45°C in starch-Polypeptone-yeast extract medium.
Ribosomes and ribosomal proteins were prepared as described previously (21) .
Two-dimensional PAGE. Two-dimensional polyacrylamide gel electrophoresis (PAGE) in which the method of KaltSchmidt and Wittmann (14) is used has been described in detail previously (21) . The gels were run two to three times for each ribosomal protein sample to confirm the reproducibility of the results.
Determination of amino acid sequence. After two-dimensional PAGE, the spot (containing about 20 pg of protein) assigned to protein AT-L30 was cut from each gel. The protein was extracted from the gel by electrophoresis. A sequence analysis of the extracted protein was performed with a model 470A protein sequencer (Applied Biosystems). Details of the sequencing procedures will be given elsewhere.
RESULTS
Variability of ribosomal proteins. Since there was considerable variability in the ribosomal protein patterns (on twodimensional PAGE gels) within the genus Streptomyces (21), I expected that similar or even more extensive variability would be present among other genera of actinomycetes. This was true for a number of actinomycete strains that were examined by using two-dimensional PAGE. A few examples of the results of this analysis are shown in Fig. 1A through G. Representative gram-positive and gram-negative bacteria (E. coli, B. subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus) were also examined as controls. The variability observed among these bacteria was much less than the variability observed among genera of actinomycetes (an example of the protein pattern for B. subtilis is shown in Fig.  1H ). Extensive similarities have also been observed for E. coli and Proteus mirabilis; in these bacteria only three proteins exhibited small variations in electrophoretic mobility (2). Thus, extensive variability in ribosomal protein patterns among different genera or different species appears to be a characteristic that is specific for actinomycetes.
Heterogeneity of AT-L30 proteins. Despite the extensive variability of ribosomal protein patterns within the genus The mobility of protein AT-L30 from Saccharomonospora viridis JCM indicates that the protein moved toward the reverse side (the anode side).
3036T was defined as unity (100).
Streptomyces, a few ribosomal proteins appeared to be highly conserved in the eight Streptomyces species tested (21) . One of these conserved proteins is indicated in Fig. 
1B (arrow) (ribosomal protein pattern of Streptomyces griseus).
When the ribosomal protein patterns were compared, it was immediately evident that this protein corresponded to protein BS-L27 of B. subtilis, which is known to be functionally homologous to protein L30 of E. coli (4). Furthermore, although the N-terminal amino acid sequence of this protein from Streptomyces griseus was determined for only seven N-terminal amino acid residues, it exhibited great similarity to the known sequence of the E. coli L30 protein or, to a lesser extent, to the sequence of the Bacillus stearothermophilus L30 protein (Fig. 2) . These results provide strong evidence that this protein is homologous to protein L30 of E. coli. Therefore, this ribosomal protein and the equivalent ribosomal proteins from other actinomycete strains were designated the AT-L30 proteins ( Fig. 1, arrows) . Surprisingly, the locations of the AT-L30 proteins on the gels after two-dimensional PAGE varied dramatically in the first dimension, but not in the second dimension (Fig. 1) . The distances that the AT-L30 proteins moved in the first dimension in the original slab gels are shown in Table 1 . The AT-L30 protein from Microtetraspora glauca displayed the lowest mobility, and the AT-L30 protein from Saccharomonospora viridis exhibited the greatest mobility. Table 1 also shows the electrophoretic mobility of the AT-L30 protein from each culture relative to the electrophoretic mobility of Saccharomonospora viridis AT-L30 protein, which exhibited the greatest mobility of all of the actinomycete AT-L30 proteins examined. Relative electrophoretic mobility (REM) defined in this way made it possible to consider the mobility of each AT-L30 protein. The experimental error for AT-L30 mobility, as determined by several gel runs of the same sample from Saccharomonospora viridis, was at most 3 mm (equivalent to an error of 4% in REM).
Genus specificity of AT-L30 proteins. In the genus Streptomyces, the REMs determined for 10 different species fell into a narrow range (i.e., from 14.5 to 25.5) ( Table 2) . To determine the variability of REMs within the same species, nine strains of Streptomyces lavendulae, which were isolated and identified in various independent laboratories, were also examined. As shown in Table 2 , all of the strains tested except strain 4057 had virtually the same REM (24.0 to 25.0) (strain 4057 had previously been determined to be misidentified) (22) . In addition to the members of the genus Streptomyces, three species belonging to the genus Saccharomonospora were also examined; the REMs for these species again fell into a narrow range (97.0 to 100). The mobilities of the AT-L30 proteins (and thus the REMs) were not affected by cultural conditions, as demonstrated for Saccharomonospora viridis and Nocardia farcinica; when ribosomal proteins were prepared from cells grown at 30 instead of 37°C or in different media, no observable difference was detected in AT-L30 mobility. Thus, the AT-L30 proteins appear to exhibit electrophoretic mobilities that are specific for each genus. In contrast, E. coli, B. subtilis, Pseudomonas aeruginosa and Staphylococcus aureus all exhibited similar REMs (72.5 to 76.0) ( Table 1 ). The L30 proteins from these bacteria exhibited the same mobility not only in the first dimension but also in the second dimension (data not shown). The electrophoretic mobilities of the AT-L30 proteins in the second dimension were compared by examining the comigration of Microtetraspora glauca and Saccharomonospora viridis. Although the REMs of these two species were the most dissimilar, only a slight difference was detected in the mobilities in the second dimension. ' The mobility of protein AT-L30 from Succharomonospora viridis JCM based on data reported previously (21, 22) .
3036T was defined as unity (100). Taxonomic analysis of the genus Nocardia and related genera. Since the genera of actinomycetes were shown to have REMs that are specific for each genus, it seemed reasonable to utilize this observation in the taxonomy of actinomycetes. To evaluate the efficacy of this approach, an electrophoretic analysis of the AT-L30 proteins was conducted by using species of the genus Nocardia and related genera. All of the organisms examined were type strains ( Table 3 ). The ribosomal proteins of these strains were extracted with acetic acid and separated by two-dimensional PAGE, and then the REM for each AT-L30 protein was determined. It was striking that the members of the genera Nocardia (five species) and Rhodococcus (four species) examined were sharply separated by the electrophoretic properties of the AT-L30 proteins (the REMs were 45.5 to 49.5 for Rhodococcus spp. and 59.0 to 70.0 for Nocardia spp.). Furthermore, although only the type species of the genera Gordona and Tsukamurella were tested, both of these taxa exhibited REMs which were clearly separable from the REMs for the genera Nocardia and Rhodococcus (Table 3 and Fig. 3) . Thus, there was a good correlation between the results of the new method and the various criteria currently used to classify actinomycetes. My results could, in turn, be taken as additional evidence that the genera Nocardia, Rhodococcus, Gordona, and Tsukamurella merit separate genus status.
DISCUSSION
The electrophoretic heterogeneity of AT-L30 proteins among genera of actinomycetes is striking since such heterogeneity has not been detected among bacteria other than actinomycetes. In two-dimensional PAGE, mobility in the first dimension is affected mainly by the net charges of the protein molecules (greater mobility with greater alkalinity). In contrast, mobility in the second dimension is affected mainly by the molecular size of the proteins (greater mobility with smaller size). Therefore, it is evident that the net charges of the AT-L30 proteins differ greatly among the actinomycete genera, apparently from an isoelectric point of 8 to an isoelectric point of more than 12. Ribosomal proteins have been studied in detail in E. coli (31, 33, 34) and to a lesser extent in the genus Bacillus and archaebacteria (19, 35) . In E. coli, ribosomes consist of three species of RNA (5S, 16S, and 23s) and 53 species of ribosomal proteins. All primary structures of the E. known (20, 34) . The physicochemical properties of the E. coli L30 proteins (32) (33) (34) are as follows: molecular weight, 6,411; number of amino acid residues, 58; isoelectric point, >12; tertiary structure, compact, symmetric, and well folded. The complete amino acid sequence is also known; there are 11 basic and 5 acidic amino acids, and there are some sequence similarities with the ribosomal L7/L12 proteins (28) . Although the precise function of the L30 protein in E. coli protein synthesis is still unknown, this protein appears to be located at or near elongation factor Tu or the guanosine triphosphatase center of the ribosome particle (13, 18). Mutational alterations in the E. coli L30 protein render the mutants cold sensitive at 20°C and also impair the ribosomal assembly process at this temperature (7). The diverse mobilities of the actinomycete AT-L30 proteins could result from either (i) changes in the primary amino acid sequence, particularly among basic residues, or (ii) different modifications in different taxa. As reported elsewhere, the higher frequency of acidic amino acids and the lower frequency of basic amino acids in the Microtetraspora glauca AT-L30 protein than in the E. coli protein may well account for the observed low electrophoretic mobility of the Microtetraspora glauca AT-L30 protein (24) . Thus, it is highly probable that the observed electrophoretic variability of the AT-L30 proteins results from variability in the amino acid sequences per se. On the other hand, in E. coli and several species of the family Bacillaceae, the ribosomal proteins are known to be methylated to various degrees; in particular, the L11 protein (or the BS-L11 protein for members of the Bacillaceae) has the highest level of methylation (1). This methylation occurs mainly on lysine residues, resulting in the formation of E-N-trimethyllysine. Therefore, it is also possible (although less likely) that the electrophoretic vari- 3036T was defined as unity (100).
Mobility of the AT-L30 protein in the first dimension.
The mobility of protein AT-L30 from Saccharomonospora viridis JCM OCHI INT. J. SYST. BACTERIOL. Analysis of rRNA sequences is already a well-accepted approach for the study of phylogeny. Similarly, analysis of ribosomal proteins would be an excellent approach for studying the phylogeny of organisms, since variability of ribosomal proteins is more limited than variability of other proteins because of many structural and functional constraints (12, 36). Thus, the sequences of a considerable number of ribosomal proteins from the eubacterial, archaebacterial, and eucaryotic kingdoms are related (35) . Since the primary structures of the ribosomal proteins are strongly conserved (at least within the archaebacterial kingdom) despite considerable differences at the nucleotide level, Wittmann-Liebold et al. (35) have pointed out that for structural and evolutionary studies of ribosomal proteins, a comparison at the amino acid level is more suitable than a comparison of nucleotide sequences. Indeed, amino acid sequence analysis of AT-L30 proteins, together with measurements of REMs, has already been used successfully to investigate the taxonomic status of several actinomycete genera (24, 25).
In addition to amino acid sequence analysis, the ranges of protein REMs have been determined for members of the genera Microtetraspora (-6.5 to 0 ) , Streptomyces (14.5 to 25.5), Streptosporangium (21 .O to 30.5), Rhodococcus (45.5 to 49.3, Nocardia (59.0 to 70.0), and Saccharomonospora (97.0 to 100) (24-26) (Fig. 3) . Thus, the ranges of REMs found in a single genus appear to be about 10; an exception is the genus Actinomadura, which exhibited a wide range of protein REMs (14.0 to 41.5) (25) . As demonstrated by amino acid sequence analysis of AT-L30 proteins from several actinomycete genera, the REM accurately reflects the net charge of each AT-L30 protein (24). Therefore, it is noteworthy that the Thermoactinomyces vulgaris protein had a REM (66.5) which was close to the REMs for the proteins of other representative bacteria (72.5 to 76.0) ( Table 1) . Until recently, the genus Thermoactinomyces has been considered to be among the oldest actinomycete taxa, because of the characteristic of forming aerial mycelia. However, not only do the 16s rRNA oligonucleotide sequences of these organisms suggest a close relationship with the genus Bacillus, but formation of endospores casts doubts on their status as true actinomycetes (16). Consequently, classification of the genus Thermoactinomyces in the family Bacillaceae has been proposed (30) . My results are consistent with this proposal.
Microorganisms containing mycolic acids in their cell walls (members of the genera Corynebacterium, Gordona, Mycobacterium, Nocardia, Rhodococcus, and Tsukamurella) have many properties in common (8, 10). They all have cell wall chemotype IV and nocardioform morphological features (17). The genus Rhodococcus, one of the nocardioform actinomycetes, has had a long and confused taxonomic pedigree. It is very closely related to the genus Nocardia. Despite the recommendations of many tests for classification (ll), the taxonomy of the genus Rhodococcus still remains difficult. In recent investigations Goodfellow et al. (11) have clarified the taxonomy of the redefined genus Rhodococcus by using a battery of numerical classification and rapid enzymic tests. My results support the validity of the redefined genus Rhodococcus since the REM range for the genus Rhodococcus was separated sharply from the REM range for the genus Nocardia (Table 3) .
The members of the genera Gordona and Tsukamurella have been previously considered to be rhodococci and are described in the genus Rhodococcus in the latest edition of Bergey 's Manual of Systematic Bacteriology (8). However, recent numerical taxonomic and phylogenetic investigations in which rRNA sequencing was used have shown that the genera Gordona and Tsukamurella are taxa equivalent in rank to phena corresponding to the genera Nocardia and Rhodococcus (3, 9, 29). Consistent with this view is the fact that the REMs observed for Gordona bronchialis and Tsukamurella aurantiacus, the type species of each genus, were clearly separated from the REMs for the genera Rhodococcus and Nocardia. Also, although the genera Gordona and Tsukamurella are very closely related to one another as determined by both chemical and morphological features, these taxa should be considered independent taxa, since the REMs observed for these two taxa were dramatically different (22.0 versus 84.5) ( Table 3) . Members of the genus Nocardioides have the life cycle of nocardioform bacteria and share many properties with members of the genus Nocardia, but have cell wall chemotype I (27) . As expected, the results of REM measurements demonstrated clear differentiation of these two taxa (Tables 1  and 3 ).
As Table 1 shows, the REMs observed for a number of actinomycetes fell into a narrow range (Le., from 20 to 30). As reported elsewhere, similar REM values observed for different genera do not necessarily imply a close relationship of the AT-L30 amino acid sequences, if the taxa compared share few morphological and chemical features (24) . Therefore, when the taxonomic relationships among taxa that have REMs in the range from 20 to 30 are studied, a comparison at the level of amino acid sequences will be essential. The novel method described in this paper, together with the results of 16s rRNA oligonucleotide sequencing, would be effective for establishing the phylogenetic status of other equivocally defined actinomycete taxa.
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